Introduction
In everyday life, people living in rural setting are exposed to many environmental hazards associated with agriculture productivity that include pesticides, solvents and metals. It has been reported that long-term exposure to pesticides can lead to diseases such as diabetes, cancer and cardiovascular and neurological disorders (1, 2) . Consequently, the concern regarding the risks to human health by exposure to pesticides has increased significantly (3) .
The use of pesticides in agriculture especially by tobacco farmers in Brazil has increased significantly in the last two decades (4) (5) (6) . From the season's beginning to harvest time, tobacco crop lasts about 10 months. Throughout this period, farmers are constantly exposed to large amounts of pesticides and/or nicotine (natural insecticide) present in tobacco leaves, which has potential to induce DNA damage (4) (5) (6) . Effects of mixtures of pesticides can be more genotoxic and cause more risks to exposed populations than individual pesticides (7) , raising concern about their impact on human health. Even so, it is difficult to assess the real composition of those mixtures, as discussed in a recent review (7) . In relation to exposure to nicotine (5, 6) , cotinine is its main metabolite and is widely accepted as exposure biomarker (6, 8) .
Exposure to pesticides and nicotine can induce oxidative stress by increased production of free radicals that accumulate in cell, which can damage nucleic acids and DNA repair proteins and alter antioxidant defence mechanism (2, (8) (9) (10) (11) . In this aspect, oxidative stress can be determined using trolox equivalent antioxidant capacity (TEAC) and serum lipid peroxidation by thiobarbituric acid reactive substances (TBARS) and offer important information in occupationally exposed populations (4, 5, 10) . In addition, assessment of genetic damage in occupationally exposed humans is an important step in early detection of diseases when control measures could prove effective (12) . Comet assay has been a useful biomarker for biomonitoring studies in humans in detecting DNA damage as indicated by DNA single-strand breaks, alkali labile sites and defective excision repair mechanisms. Many studies evaluated genotoxic effects of pesticides in human populations using comet assay (3, 4, 7, 13, 14) .
DNA damage and oxidative stress are associated with telomere shortening (15) presumably as a result of terminal chromosome deletions. Shorter telomeres are associated with accelerated ageing and adverse health outcomes such as cardiovascular disease, Alzheimer disease and cancer (16) (17) (18) . Telomeres act as molecular clocks and shorten as a consequence of each cell division and also because of inability to entirely replicate chromosome ends (19) . Telomeres are DNA-protein complex that consist of hexameric (TTAGGG) n tandem repeats of DNA associated with shelterin proteins that control maintenance of telomere length (TL) (20) , preventing telomere end fusions (19) . When telomeres become critically short, results in uncapped chromosome ends resembling similar to a double-strand DNA break. This might lead to activation of molecular cascades, such as p53 and p16INK4a pathways, eventually resulting in apoptosis or cellular senescence (21) . Inhibition of these two pathways allow constant cell division leading to telomere attrition as predicted by 'telomere crisis' (21) .
Occupational and environmental exposure to pesticides has been found to be associated with DNA damage (6, 7, 20, 22) , changes in TL (23) (24) (25) (26) and in DNA methylation (27) . Epigenetic changes can be triggered by environmental factors, thus influencing on telomere shortening (25) , cell proliferation and maintenance of genome integrity (27) . There is emerging evidence that epigenetic mechanisms may also play an important role in pesticide-related carcinogenesis (22, 28) . Little is known about long-term exposure to pesticides with respect to genomic instability in tobacco farmers. Therefore, this study is designed to test the hypothesis that oxidative stress induced by chronic pesticide use and absorption of nicotine in tobacco farmers leads to increased DNA damage, accelerated telomere attrition and induced epigenetic alterations.
Materials and Methods

Study population and design
A total of 130 individuals were part of this study: 74 unexposed individuals (unexposed group) and 56 tobacco farmers (exposed group). They were sampled at Santa Cruz do Sul and Passo do Sobrado cities, in the central region of Rio Grande do Sul state (Brazil) between June and December (2013 and 2014). Tobacco season begins in May with pesticide applications. Pesticides are applied for pest control and stop anti-budding, culminating in the harvest period during which dermal absorption of nicotine from leaves is increased (6) . All individuals involved in pesticide spray/handling for at least 5 years were considered occupationally exposed as evident from their self-report. All of them are registered on the Worker's Health Department municipalities. The majority of the farmers worked in the fields since adolescence (starting at approximately 14 years of age; family farming). Blood samples were collected from a nonfarming group of individuals (unexposed group) living at the same region as that of occupationally exposed subjects, but at least 20 km from tobacco crops fields. Blood collection was carried out from both groups in the same time period. The unexposed subjects were not exposed to any known genotoxic agent (including pesticides) at their workplace and consisted mainly of indoor office employees. Blood samples were kept at 4°C in a dark refrigerated container and taken to the laboratory to be processed within 12 h. This study was approved by National Ethics Committee for Research-CONEP, Brazil (CAAE 35639814.5.0000.5349). Before the sampling, a written informed consent was obtained from each participating subject. Each subject was also required to complete requisite questionnaire (adopted version of a questionnaire from the Commission for Protection against Environmental Mutagens and Carcinogens) (29) . In addition, each participant also completed 'The Alcohol Use Disorders Identification' test (AUDIT) (30) . Study participants consuming 300 ml of alcoholic beverage/week were classified as drinkers (30) . Participants smoking three cigarettes/day were classified as smokers, whereas those had not smoked a cigarette in the last 5 years were termed as ex-smokers. Participants suffering from any chronic disease such as diabetes, cancer, kidney, cardiovascular diseases, asthma and chronic obstructive pulmonary disease and those under 18 years of age were excluded from the study.
Alkaline comet assay
Alkaline comet assay was performed as described elsewhere (5, 31) . Briefly isolated lymphocytes were embedded in 0.75% low melting agarose and spread onto a microscope glass slide pre-coated with 1.5% agarose. Slides were treated in lysis buffer for 1 h. The slides were then incubated for 20 min in freshly prepared alkaline buffer (pH > 13) and subjected to electrophoresis for 15 min at constant voltage (25 V; 0.90 V/cm) and current (300 mA). The slides were then stained with silver nitrate solution and scored under code for analysis (32) . Human blood samples collected under the same conditions served as an internal control for possible damage during manipulation or transport to the laboratory. Fifty randomly selected cells from each replicate slide were analysed (100 cells/individual). Cells were classified visually from category 0 (cells with no damage) to category 4 (maximum damaged cell), according to tail size and shape. The values obtained for each individual can range from 0 (0 × 100) to 400 (4 × 100) arbitrary units (5, 31) .
Quantitative polymerase chain reaction for TL assay
Genomic DNA was extracted from isolated lymphocytes using PureLink Genomic DNA isolation kit (Invitrogen, USA) and then quantified by NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Australia). Each sample was then diluted as per experimental requirement (5 ng/µl). TL was measured by quantitative real-time polymerase chain reaction (PCR) assay (33, 34) . The ratio of the telomere (T) repeat copy number to single-copy gene (S) was determined for each sample using ABI 7300 Real-Time PCR Detection System (Life Technologies, USA). The final concentrations of PCR reagents were as follows: 1 × SYBR Green master Mix (Life Technologies, USA), 20 ng DNA, 0.2 μmol of each telomere-specific primer (F: 5′-GGTTTTTGAGGGTGAGGGT GAGGGTGAGGGTGAGGGT-3′; R: 5′-TCCCGACTATCCCTAT CCCTATCCCTATCCCTATCCCTA-3′) and 36B4 single-copy gene primers (F: 5′-CAGCAAGTGGGAAGGTGTAATCC-3′; R: 5′-CCCATTCTATCATCAACGGGTACAA-3′). Each reaction was performed in triplicate using both telomere-and 36B4-specific primers in a 96-well plate. In each run, reference DNA sample isolated from 1301 cell line was also included. Amplification conditions were the same for both telomere and 36B4 runs: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C, and 1 min at 60°C, followed by dissociation stage. A standard curve with a high correlation factor (R 2 > 0.97) was required to accept the results from plates. The intraassay coefficient of variation (CV) between duplicates was 2.3% for telomeres and 2.1% for the single-copy gene, whereas the interassay CV between plates was 0.5% for telomeres and 0.88% for the single-copy gene. Data obtained from experiments were calculated according to the formula suggested by Dhillon et al. (34) , and therefore absolute TL was provided. Results were expressed as base pairs (bp).
Global DNA methylation
Global DNA methylation status was measured in DNA isolated from lymphocytes employing relative quantification of 5-methyl-2′-deoxycytidine (5mdC) using liquid chromatography by HPLC and UV detection (35) . Briefly, 1 μg of genomic DNA was denatured for 10 min at 94°C and cooled quickly for 5 min by putting it on ice followed by hydrolysis with nuclease P1 and alkaline phosphatase to create 2′-de-oxymononucleosides, which were then column separated by HPLC dC18 Atlantis (Waters) of reverse phase (2.1 × 20 mm). A mixture of nucleosides such as deoxyadenosine (dA), deoxythymidine (dT), deoxyguanosine (dG), deoxycytidine (dC), 5-methyl-deoxy-cytidine (5mdC) and deoxyuridine (dG) was used as standards to determine the retention times of each of the nucleosides and to identify the dC and 5mdC peaks in the HPLC chromatograms. The quantification of 5mdC and dC is obtained from the integration of the 5mdC and dC peaks area displayed. The relative content of 5mdC in each sample was expressed as a percentage (%5mdC) with respect to the total amount of cytosine (dC +5mdC), so results are expressed in term of percentage (%) of global DNA methylation. The technical variation of this assay is less than 3%, based on standards replicates included in the analysis. Each sample was analysed in duplicate, and the average for each sample was calculated. Samples showing difference between duplicates above 3% in 5mdC content or that do not show all peaks with the same retention time as the standard ones were removed from the analysis.
p16 methylation
Promoter methylation status of p16 gene was evaluated by methylation-specific PCR (36) . Genomic DNA was first bisulphite modified using EZ-DNA methylation kit as per manufacturer's recommendations (Zymo research, Orange, CA, USA). PCR reactions were performed with methylation-and un-methylation-specific primers. PCR reaction mix (50 μl) included 1 × buffer, 8 mM MgCl 2 , 1.25 mM dNTPs, 0.6 μM primers, 0.4 μg/μl BSA, 5% DMSO and 3 μl of modified DNA template. PCR cycling conditions were the same as reported previously (36) . Genomic DNA extracted from lymphocytes of a healthy donor was used as negative control for un-methylated and DNA treated with SssI methyltransferase as a positive control for un-methylated and methylated alleles, respectively. Each sample in duplicate was amplified, and PCR products were run on the gel before being visualized under UV light. However, in order to confirm methylation status, one-third randomly selected samples were re-amplified. Results were expressed either as positive (methylated) or negative (un-methylated) for p16 methylation.
Trolox equivalent antioxidant capacity
Trolox antioxidant capacity was estimated in serum using Antioxidant Assay Kit as per manufacturer's recommendations (Sigma-Aldrich). This kit measures the cumulative ability of all antioxidants to reduce free radicals present in the serum. A microplate reader (Victor-X3; Perkin-Elmer, Finland) was used to measure absorbance at 450 nm, and the results were expressed as mmol Trolox/L.
Oxidative damage to lipids
Lipid-peroxidation levels (TBARS) in serum were estimated by spectrophotometric method as described previously (37) . A microplate reader (Victor-X3; Perkin-Elmer, Finland) was used to measure absorbance at 450 nm, and the results were expressed as nmol/l.
Plasma cotinine level measurement assay
Cotinine levels were measured in plasma samples from each individual as described previously (38) with slight modifications. Quantification was realized by HPLC-UV with a chromatographic equipment consisted of a chromatography system Agilent, 1100 series, and injector with loop of 20 ml and UV-vis detector. For sample preparation, a volume of 600 μl of plasma was added to 25 μl of NaOH 10 M and 25 μl of internal standard (1 mg/ml of 2-phenylimidazole). The extraction with 5.0 ml of dichloromethane was carried out by Rotary mixer for 40 min and spin out at 3000 g for 15 min. The organic phase was totally dried under compressed air at room temperature, and after that, 20 μl was added to 100 μl of the mobile phase and 20 μl was injected into the HPLC. The phase separation was achieved using a reverse-phase Zorbax Eclipse column XDB-C8 (4.6-150 mm) Agilent with 5-mm particle size. The mobile phase was a mixture of Mili-Q water:metanol:sodium acetate 0.1 M:acetonitrile, in a proportion of 50:15:25:10 (v/v). For each litre of this solution, 1 ml of citric acid 0.034 mol/l and 5.0 ml of triethylamine was added. Acetic acid was used to adjust pH (4.4). The flow rate of 0.5 ml/min was maintained isocratically, while the absorbance of the eluent was monitored at 260 nm and the total run time was 10 min. The internal standard used was 2-phenylimidazole. The detection limit of method was 0.18 ng/ml, and the results were presented as ng/ml.
Analysis of inorganic elements
The concentration of inorganic elements of the plasma from individuals was analysed through the particle-induced X-ray emission technique. Individual's plasma samples were pooled for this analysis, according to gender, age range and exposure condition. Therefore, there were six pools for each group (unexposed and occupationally exposed): three pools of woman and three pools of men, divided in age ranges of 20-32, 33-45 and 45> years. Briefly, plasma from each pool was dropped over a filter paper and stored until it was completely dry. The filters were mounted on polymer rings and loaded in the target holder inside the reaction chamber. During the experiments, the pressure inside the reaction chamber was about 10 −5 mbar. A 3 MV Tandetron accelerator provided 2 MeV proton beams with an average current of 5 nA at the target. The characteristic X-rays induced in the samples were detected by a Si(Li) detector with an energy resolution of about 150 eV at 5.9 keV with high efficiency between 1 and 17 keV. As there was no significant difference between gender, neither age ranges, unexposed sample pools were analysed as one only group, as well as occupationally exposed sample pools. The spectra were analyzed with the GUPIXWIN software package, and the final concentrations were expressed in ng/cm 2 (39) .
Statistical analysis
The normality of variables was tested using Kolmogorov-Smirnov test. Student's unpaired t-test was performed for comparison between groups (unexposed and exposed) when both populations were parametric for parameters (TL, TEAC and global DNA methylation). When both populations were non-parametric, Mann-Whitney test was used for comparison between groups (comet assay analysis, TBARS and p16 methylation). A Pearson's correlation was performed to assess the relationship among dependent and independent variables for normal distribution data (correlations of TL, TEAC and global DNA methylation with all other parameters), whereas Spearman's correlation was used for the same purpose for non-parametric data (correlations of comet assay analysis and TBARS with all other parameters 
Results
This study involved 130 subjects that included 74 unexposed subjects and 56 tobacco farmers as exposed group. In average, farmers work in tobacco fields for 29.0 [±1.9; standard error (SE)] years. General characteristics of the studied population are presented in Table 1 . There was a significant difference of frequency of men and women between both groups, but not in relation to age means.
Frequency of drinkers and non-drinkers was also different for groups, but when multivariate analysis was performed, those variables were removed from final models, as they did not influence on TL (P = 0.277 for gender and P = 0.341 for dinking status). There was no significant difference between ex-, current and non-smokers as regard frequency of individuals for groups. Occupational exposure to pesticides and nicotine was significantly associated with increased DNA damage index ( Figure 1 ) and decreased global DNA methylation in individuals working at tobacco fields compared with unexposed subjects (Figure 2 ). We found that significant correlation between DNA damage index and number of years people was working at tobacco fields (r s = 0.44; P = 0.001); however, there was no association between global DNA methylation (%) in relation to the number of years working (r p = 0.4432; P = 0.3787). TL was shorter in occupationally exposed subjects compared with unexposed group (Figure 3) , as also demonstrated by multivariate regression analysis (adjusted β = 0.66; P ≤ 0.0001). TL in farmers is shorter by 1141 bp compared with unexposed individuals. No association was found with regard to TL relative to the number of years working at tobacco fields (r p = 0.0134; P = 0.9229). We also examined the p16 methylation status in the exposed and unexposed groups. TL in exposed group with p16 methylation is significantly shorter compared with those with un-methylated p16 status (Figure 4) . Almost one-third participants (28.6%) from the exposed group show p16 hypermethylation. However, we did not find a single participant from the unexposed group that shows p16 hypermethylation. With regard to p16 methylation in the exposed group, we did find few individuals showing variable degree in p16 methylation as seen by amplification in both un-methylation-and methylation-specific PCRs, thus indicating the mixed population of cells.
Global DNA methylation was inversely correlated with TL in tobacco farmers (r p = −0.4286; P = 0.0419), although this outcome was not sustained in multivariate regression analysis (adjusted β = 0.26; P = 0.291). In addition, there is no correlation between DNA damage index and global methylation (r s = 0.0857; P = 0.9194) or with TL (r s = −0.1787; P = 0.2244) in the exposed group and the latter remains non-significant after multivariate regression analysis (adjusted β = 0.32; P = 0.260).
DNA damage (TL and comet assay) was also analysed in relation to gender, smoking and drinking status for both unexposed and occupationally exposed groups, as well as the use of personal protective equipment (PPE) for exposed group (Table 2) . When TL was analysed with regard to smoking status, the multivariate regression analysis demonstrated significant effect of smoking on TL (adjusted β = 0.54; P ≤ 0.0001). Individuals from unexposed group who were either current or ex-smokers had shorter TL than non-smokers (Table 2 ). Current and ex-smokers presented very similar TL in unexposed (5579.0 ± 372.8 bp and 4819.0 ± 172.8 bp, respectively, mean ± SE; P = 0.0739, unpaired t-test) and exposed groups (4606.0 ± 566.4 bp and 4655.0 ± 268.3 bp, respectively, mean ± SE; P = 0.9432, unpaired t-test). Therefore, their data were pooled together for analysis. Unexposed non-smokers individuals presented longer telomeres than exposed non-smokers too. Current smokers were also analysed with regard to the number of cigarettes smoked/ day, and there was no significant difference for TL [P = 0.0756; oneway analysis of variance (ANOVA)] or DNA damage (P = 0.3883; one-way ANOVA).
TEAC levels were found to be non-significant between unexposed and exposed groups ( Figure 5, left panel) , and it appears to exert slight effect on TL as shown by multivariate regression analysis (adjusted β = 0.25; P = 0.038). There was a positive and significant correlation between DNA damage index (comet assay) and TEAC for the occupationally exposed group (r s = 0.376; P = 0.0368). For unexposed subjects, we found inverse correlation between TEAC and DNA damage index (r s = 0.469; P = 0.0015). There was no correlation of TEAC either with global DNA methylation (r p = −0.3092; P = 0.6908) or TL (r p = −0.2475; P = 0.1287) in the exposed group. We found significant difference among unexposed and exposed groups for TBARS analysis ( Figure 5, right panel) . TBARS levels were found to be negatively correlated with global DNA methylation in the exposed group (r s = −0.9736; P = 0.0264). However, there was no significant correlation of TBARS either with TL (r s = 0.1657; P = 0.3135) or DNA damage index (r s = 0.0831; P = 0.6566) in the exposed group.
Cotinine levels were significantly increased in tobacco farmers compared with unexposed subjects (Table 3) . Additionally, farmers who reported the completed use of PPE presented significantly decreased levels of plasma cotinine (Table 3) in comparison to those who do not use PPE or use it incomplete. In the multivariate analysis, cotinine levels were removed from the final models, as it not exerted effect on TL.
Results of inorganic elements present in the plasma of individuals showed significant increase in the concentrations of phosphorus, sulphur and chlorine in the exposed group in relation to unexposed group (Table 4) . Plasma Zn was also higher in the exposed group, but it was not statistically significant compared with unexposed population. The majority of the farmers do not apply pesticides as per manufacturer's instructions and do not follow all the protection requirements (PPE use; Table 1 ). The five main active ingredients listed by farmers (% of them) during interviews were as follows: glyphosate (92.0%), flumetralin (28.6%), clomazone (20.6%), imidacloprid (19.0%) and Significant differences are marked in bold. a P value between unexposed and exposed groups.
b P value between different strata of each variable within each unexposed and occupationally exposed group. sulfentrazone (17.4%). All tobacco farmers reported the exposure to mixtures of pesticides (by spraying) and nicotine (from leaves), which occurs simultaneously during several months of the crop season.
Discussion
Genomic instability occurs when genome maintenance system fails to protect genome's integrity, either as a consequence of inherited problems or by exposure to environmental agents. It has now been established that pesticides may lead to genomic instability as much as interfere with DNA repair mechanism (7). The results from this study indicate that chronic occupational exposure to pesticides mixtures and nicotine was associated to a significant increase in DNA instability in the exposed individuals, in agreement with previous reports indicating DNA damage in populations occupationally exposed to pesticides (3, 4, 6, 14, 40, 41) . We should add that both pesticides and nicotine are present in the routine of tobacco farmers, as occupationally exposure agents. Our study, as well as most of studies with human exposure to complex mixtures, presents an inability in indicate individual agent responsible for each effect, and therefore, this can count as a limitation of our study. In this study, DNA damage has been found to be associated with occupational pesticide exposure. There is a strong correlation between DNA damage index with years of exposure at tobacco fields. The number of years of exposure is an important factor that contributes to the increased levels of genome damage in people occupationally exposed to pesticides (7) . Increased genotoxic levels have been attributed to exposure to pesticide mixtures in soybean farmers (13) and in pesticide spray workers (3, 4, 6) . Exposure to carbamates and organophosphates in vineyard farmers also induced DNA damage (3). It has been shown that pesticide exposure is the main cause of increased genomic instability as evident by higher micronuclei in participants handling pesticides (3, 6, 13) .
The majority of tobacco farmers in this study were exposed to complex mixtures of pesticides, and the main ingredients include organophosphorus, dinitroaniline, pyrethroids and dithiocarbamates. As per IARC (42) reports, most of the pesticides are carcinogenic at high doses, yet not likely to be carcinogenic to humans at low doses. However, evaluation of mixtures pesticides effects is complex and may lead to diverse effects (7). Most pesticides structurally contain inorganic elements, e.g. glyphosate has phosphorus and flumetralin, clomazone and imidacloprid contain chlorine. Sulfentrazone contain sulphur and phosphorus. Those chemicals had been used in tobacco farming for several decades. Apart from pesticides, fertilizers also account for the inorganic elements found in tobacco farming (4, 6, 24, (43) (44) (45) . For this reason, the inorganic element analysis has been shown to be a good method to demonstrate exposure to mixtures of pesticides (4, 6) . These inorganic elements were found significantly higher in plasma among tobacco farmers. Therefore, it is possible that increased levels of these elements in exposed group may activate the mechanism(s) that promote telomere shortening. This includes oxidative stress, as shown by altered TBARS levels and TEAC effect evident by multivariate analysis. Other studies are in concordance with relation between telomere attrition and increase in generation of reactive oxygen species (ROS), inflammation and inhibition of DNA repair Table 4 . Plasma level of inorganic elements (ng/cm 2 ) from unexposed and occupationally exposed groups (mean ± SE).
Parameters
Unexposed (n = 74) Occupationally exposed (n = 56) P Significant differences between exposed and unexposed group marked in bold. a Student t-test. Table 3 . Plasma levels of cotinine (ng/mL) for unexposed and occupationally exposed groups, stratified according to smoking status and use of PPE for exposed group (mean ± SE) Parameters Unexposed (n = 74) Occupationally exposed (n = 56) P (46, 47) , which may all be present when such inorganic elements are increased.
Our results show that TL is significantly shortened in individuals occupationally exposed to pesticides mixtures and nicotine at tobacco fields, in relation to the unexposed group. Telomeres play an important role in maintaining genomic stability by protecting chromosomal end fusions from degradation, unusual recombination and deleterious chromosomal events during cellular proliferation (19) . If the telomere becomes critically short, they initiate cell senescence leading either to apoptosis or cell cycle arrest (21) . TL has been linked to adverse health outcomes. Exposure to various xenobiotics is associated with shorter telomeres, which has strengthened our observation (24) (25) (26) (48) (49) (50) . Telomeres irrespective of length have the potential to induce genomic instability, which has already been shown to be associated with occupational exposure and some diseases (16, 17, (24) (25) (26) 49, 50) . The findings from our study have further strengthened the growing evidence linking environmental/occupational exposures with telomere attrition (23, 24, 26, 49, 50) .
Regarding lifestyle factors, individual's ex-and current smoking status is also associated with shorter TL compared with those who are never smokers among unexposed group. Similar findings were also reported among smokers having shorter telomeres compared with never smokers (47) . Interestingly, cotinine levels did not impact on TL in the unexposed group irrespective of smoking status. It was not possible to ascertain if non-smokers were mainly passive smokers before donating the blood samples or a certain threshold levels of cotinine is required to significantly affect TL. A recent study among smokers found shorter TL irrespective of number of cigarettes smoked/year. However, accumulated lifetime smoking exposure was critical to this outcome (51) .
Individuals from exposed group were sampled during the entire season. Almost all of them did not use PPE as per requirements; therefore, they are constantly exposed not only to pesticides but also to nicotine absorption from tobacco leaves especially during the harvesting season. Nicotine is a water-soluble alkaloid found in tobacco leaves (51) . Typically, 70-80% of nicotine is converted into cotinine, the main metabolite of nicotine, which has a half-life of 15-17 h (51) . Farmers who manually collect tobacco leaves are at higher risk of nicotine absorption through skin because of foliar contact, the fact strengthened by elevated plasma cotinine levels. Cotinine levels for individuals that make use of complete PPE are at least six times smaller than who use incomplete or that not use PPE at all. Cotinine was not significantly increased for current plus ex-smokers in exposed group when compared with non-smokers. Nevertheless, regardless smoking status, farmers presented cotinine levels at least 13-fold higher than unexposed individuals. It has been shown recently that nicotine can increase expression of proteins when cells undergo cellular stresses due to inflammation and oxidative stress (9) , increase different DNA damages (6, 52, 53) as well as lead to telomere attrition (15) . The most common oxidative lesion to DNA is the 8-hydroxy-2′-deoxyguanosine (8-OHdG), which assaults guanine base. During base excision repair, 8-oxoguanine DNA glycosylase (OGG1) removes 8-OHdG from genome when it pairs with cytosine. Telomeres have high guanine content and hence are particularly sensitive to damage due to oxidative stress and lack of protective proteins (15) .
The observed decrease in global DNA methylation in the exposed group may be due to changes in upstream regulatory functions, such as histone modifications (36) that may subsequently influence DNA methylation. Increased oxidative stress due to pesticide exposure promotes oxidation both in telomeric and sub-telomeric regions resulting in DNA lesions, changing the global DNA methylation levels (27, 50) , establishing a possible link for the correlation we found between global DNA methylation and telomere attrition. Moreover, oxidative DNA damage can influence epigenetic changes by alterations in genomic base to species like 8-OHdG, which can interfere with DNA ability to function as a substrate for DNA methyltransferases (DNMT), leading to global DNA hypomethylation and subsequent genomic instability (28) . In addition, occupational exposure to glyphosate and imidacloprid can induce formation of bulky DNA adducts (reviewed by Bolognesi and Holland [7] ) that has the potential to inhibit DNA interaction with methyltransferases. It is hypothesized that such epigenetic changes can continue over longer periods even if the conditions that established them are not present and can further accrue in response to incessant exposure (46) .
In this study, we found significantly shorter TL in occupationally exposed farmers with p16 methylation compared with those showing no methylation in p16 gene. It has been reported that telomere attrition in primary human cells leads to replicative senescence partly regulated by effectors of two pathways involving p16/Rb and/ or p53/p21 (21,54). Zhang et al. (55) have shown p16 hypermethylation among people exposed to high levels of arsenic and also among users of indoor unventilated stove run by coal. Therefore, the chronic exposure to pesticide may have the potential to induce epigenetic changes involving mechanisms such as oxidative stress by ROS and systemic inflammation (22, 25, 45) . Oxidative stress could deregulate the expression of epigenetic enzymes involved in de novo methylation such as DNMT1 and DNMT3a that can induce aberrant promoter methylation of many genes including p16INK4A (56) . It has also been shown that an increase in NAD + /NADH ratio under oxidative stress environment up-regulates its translocation, a hydroxylase enzyme that hydroxylates 5-methylcytosine to form 5-hydroxymethylcytosine that is subsequently replaced by un-methylated cytosine during base excision repair mechanism, thus resulting in reduction of DNA methylation (57) . The 8-OHdG lesion in CpG dinucleotides strongly inhibits DNMT's methylation activity. It is proposed that oxidative stress induces the formation of large silencing complexes involving DNMTs in the CpG rich promoter regions, and high activity of DNMTs can result in hypermethylation in promoter regions (58) .
Some chemical classes of pesticides, such as organophosphates and carbamates, have been reported to be genotoxic, generating free radicals that react with cell membranes and initiate the process of lipid peroxidation (59) . Apart from pesticides, fertilizers also account for the high toxic elements due to the large amount used, as well as the highest levels of metals in the current tobacco production system in Brazil's Southern Region (43) . Metals and other inorganic elements constitute an important class of environmental contaminants, which can influence gene expression in addition to lead to repeated oxidative methylation (60) . We found increased levels of lipid peroxidation in tobacco farmers. Although there was no significant difference on TEAC between groups, this parameter was inversely correlated to DNA damage in both groups and exerted a slight effect on TL in farmers. The accumulation of free radicals arising from lipid peroxidation may lead to an increase on antioxidant capacity of individuals exposed to pesticides, which was similarly observed in other studies with tobacco farmers (4, 5) . Among possible mechanisms of pesticide toxicity, oxidative stress has been considered as a critical pathophysiological step in different human pathologies such as cancer, immunosuppression and neurodegenerative diseases that are associated with pesticide exposure. Pesticides such as organophosphates readily accept electrons to form free radicals, transfer them to oxygen to generate superoxide anions, which in turn form hydrogen peroxide through the dismutation reaction. If not efficiently removed by antioxidant defence systems, they may react with DNA, proteins and other macromolecules resulting in DNA damage, enzyme inactivation and lipid peroxidation in tissues.
The results obtained from our study along with previously published reports have found an association between increased genotoxic effects and exposure to complex chemical mixtures at workplaces as indicated by increased DNA damage and shorter telomeres. In a former study from our group, we observed a network of interactions between pesticides and nicotine with human proteins (45) . To achieve that, all 16 pesticides listed by tobacco farmers from this study and nicotine were added to the network. We observed the influence of those agents in different cell regulations processes, such as cell cycle checkpoint (protein TRF1 involved), telomere maintenance (TERT, TRF1, TRF2), cellular response to stress (STUB1), regulation of cell cycle (MDM2, AKT1, TRF1) and regulation of ubiquitinproteasome system (MDM2, AKT1, STUB1), among others. Lastly, there was a strong link of AKT1, MDM2, STUB1, TERT and TRF1 on telomere shortening process after exposure to pesticides used in tobacco crop and nicotine (45) .
It has been suggested that long-term exposure either environmentally or by occupational exposure to pesticides can escalate generation of ROS leading to increase in oxidative stress resulting in genomic damage. Lack of protective proteins and guanine-rich regions in the sub-telomeric regions and oxidative stress can cause DNA damage in telomeric regions, thereby increasing the rate of telomere attrition. Epigenetic changes include p16 promoter hypermethylation and global hypomethylation that are associated with TL. DNA damage is an important and first step in the carcinogenesis and development of many other diseases. Therefore, effective efforts are required to support and monitor the affected populations as a result of pesticide use and also how to implement stricter guidelines that can help in lowering the potential genotoxic damage. Future studies investigating the long-term exposure to pesticides by tobacco farmers and its relationship with DNA damage biomarkers including telomere shortening and methylation changes need to be replicated in larger epidemiological studies.
